The comparative analysis of complex behavioral phenotypes is valuable as a reductionist tool for both drug discovery and defining chemical bioactivity. Flavonoids are a diverse class of chemicals that elicit robust neuroactive and hormonal actions, though bioactivity information is limited for many, particularly for neurobehavioral endpoints. Here, we used a zebrafish larval chemomotor response (LCR) bioassay to comparatively evaluate a suite of 24 flavonoids, and in addition a panel of 30 model neuroactive compounds representing diverse modes of action (e.g. caffeine, chlorpyrifos, methamphetamine, nicotine, picrotoxin). Naïve larval zebrafish were exposed to concentration ranges of each compound at 120 hour post-fertilization (hpf) and locomotor activity measured for 5 h. The model neuroactive compounds were largely behaviorally bioactive (20 of 30) with most effects phenotypic of their known modes of action. Flavonoids rapidly and broadly elicited hyperactive locomotor effects (22 of 24). Multidimensional analyses compared responses over time and identified three distinct bioactive groups of flavonoids based on efficacy and potency. Using GABAergics to modulate hyperactive responses, two flavonoids, (S)-equol and kaempferol were tested for GABA A receptor antagonism, as well as a known GABA A receptor antagonist, picrotoxin. Pharmacological intervention with positive allosteric modulators of the GABA A receptor, alfaxalone and chlormethiazole, ameliorated the hyperactive response to picrotoxin, but not for (S)-equol or kaempferol. Taken together, these studies demonstrate that flavonoids are differentially bioactive and that the chemobehavioral effects likely do not involve a GABA A receptor mediated mode of action. Overall, the integrative zebrafish platform provides a useful framework for comparatively evaluating high-content chemobehavioral data for sets of structurally-and mechanistically-related flavonoids and neuroactive compounds.
Introduction
Flavonoids are a large class of structurally diverse compounds that exhibit highly bioactive and structure-dependent properties (Fig. 1) . A number of naturally occurring food sources contain flavonoids (i.e. fruits, vegetables), though relatively high levels are found in processed soy-based products and over-the-counter dietary supplements. As a result, flavonoids are commonly studied for their widely varied and potentially beneficial nutraceutical properties, including anti-oxidant, anti-cancer, anti-inflammatory, and hormonal bioactivities (reviewed by: Nijveldt et al., 2001; Cornwell et al., 2004; Kumar and Pandey, 2013) . Due to the ubiquity of these compounds in the diets of certain populations, flavonoids are frequently detected in biological fluids, such as urine (Valentin-Blasini et al., 2003; Valentin-Blasini et al., 2005 ) and blood plasma (Peeters et al., 2007) . Several bioactive flavonoids are also detected in amniotic fluid and umbilical cord blood (Adlercreutz et al., 1999; Foster et al., 2002; Todaka et al., 2005; Mustafa et al., 2007) , as well as breast milk (Choi et al., 2002; Song et al., 2013) . Relatively high levels are also detected in soy-based baby formulas (Setchell et al., 1997; Setchell et al., 1998; Choi et al., 2002; Song et al., 2013) , thus raising concerns regarding adverse developmental effects from the potent neuroactive and hormonal bioactive properties, though potential consequences of such exposures remain unclear. Taken together, there is a need to comparatively evaluate and comprehensively define the multifaceted bioactive effects of flavonoids.
In higher vertebrates, diverse types of neurobehavioral effects have been reported for select flavonoids, including modulation of anxiety (Lund and Lephart, 2001) , depression (Wang et al., 2010) , fear (Garey et al., 2001) , learning (Kohara et al., 2014) , and seizure-like activity (Medina et al., 1990; Avallone et al., 2000) . For some flavonoids (e.g. phytoestrogens), the behavioral effects in adults may in part be the result of hormonal action affecting endocrine pathways throughout the HPG axis and effects on reproductive activity (Lephart et al., 2002; Ball et al., 2010) . However, many of the widely varying and complex behavioral effects of flavonoids can be attributed to interactions with a variety of important neuroreceptors throughout the nervous system. Neurotransmitter signaling and neuroreceptor function can be directly modulated by flavonoids in vitro, including acetylcholinesterase (reviewed by: Uriarte-Pueyo and Calvo, 2011), adenosine receptors (Moro et al., 1998) , glycine receptors (Huang and Dillon, 2000) , opioid receptors (Katavic et al., 2007) , serotonin and dopamine receptors (Katavic et al., 2007) , and nicotinic acetylcholine receptors (Lee et al., 2011) . Perhaps most well understood are the mixed interactions of several flavonoids with GABA A receptors in vitro, particularly as antagonists (reviewed by : Wang et al., 2010; Hanrahan et al., 2011) . Previously, we demonstrated that developmental exposure to several flavonoids elicits seizure-like spasms and hyperactive behaviors (spastic pectoral fin movement and body twitching), though the etiology of this neurodevelopmental effect is unclear (Bugel et al., 2016) . For the vast majority of flavonoids, in vivo bioactivity information for integrated apical endpoints, such as behavior, is limited.
The zebrafish has many advantages that provide a useful framework to comparatively investigate chemical bioactivity in vivo (reviewed by: Bugel et al., 2014; Caro et al., 2016) . The zebrafish genome also shares 70% homology with the human genome, which is valuable for translational medicine, drug discovery, and large-scale chemical screens (Howe et al., 2013) . The development of zebrafish-based chemobehavioral assays have shown potential for improving our understanding of how chemicals affect neurobehavior in vivo, and has shown considerable promise for translating discoveries to clinical applications (reviewed by: Kokel and Peterson, 2008; Bruni et al., 2014) . Lowcomplexity chemobehavioral bioassays in zebrafish are also highly amenable to high-throughput interrogation of large sets of compounds (Kokel et al., 2010) . These reductionist approaches have led to powerful applications in drug discovery for profiling previously unknown compounds for neuroactive modes of action that could lead to either undesirable toxic side effects or potentially beneficial applications as antipsychotic Bruni et al., 2016) and anti-seizure treatments (Baraban et al., 2005; . Overall, the zebrafish provides a powerful platform that permits the comparative evaluation of chemobehavior for structurally-related and mechanisticallyrelated compounds.
Here, we present a comparative evaluation of locomotor behavioral responses for a diverse group of neuroactive compounds in zebrafish using a low-complexity larval chemomotor response (LCR) bioassay. We first tested 30 model neuroactive chemicals as proof-of-principle to validate the capacity of the bioassay to detect behavioral responses for known neuroactive substances. This panel included 14 drugs and toxicants representing a variety of known modes of action, and 16 GABAergic drugs (Table 1) . Second, we evaluated the chemobehavioral responses of 24 flavonoid and flavonoid-like chemicals to determine chemical relationships (Fig. 1, Table 1 ). Finally, we used two GABA A receptor specific drugs (alfaxalone and chlormethiazole) to test the involvement of GABA A receptors as a potential mode of action for stimulatory compounds found to elicit hyperactivity, specifically picrotoxin, (S)-equol, kaempferol.
Materials and methods

Chemicals
The structural backbones and substituents for the flavonoids and flavonoid-like chemicals tested are shown in Fig. 1 . A list of all model neuroactive chemicals and flavonoids tested are provided in Tables 1   Fig. 1. Backbones and substituent groups for all tested flavonoids and isoflavonoids. Also tested but not shown is resveratrol, a flavonoid-like stilbenoid.
S.M. Bugel, R.L. Tanguay Toxicology and Applied Pharmacology 344 (2018) 23-34 and 2, respectively, with the concentrations tested and sources for each compound. All chemical stocks were prepared in DMSO as a carrier solvent. Final concentrations of DMSO in control and treatment groups were either 0.1% for concentration-response studies, or 1% for pharmacological intervention studies. These exposure concentrations of DMSO are lower than maximum tolerated concentrations reported for developmental exposures, and were necessary to achieve target concentrations while minimizing precipitation in stock solutions (Maes et al., 2012) . Dimethyl sulfoxide (≥99.9%, DMSO, CAS: 67-68-5) was obtained from Avantor Performance Materials (Center Valley, PA).
Zebrafish husbandry
Wild-type 5D zebrafish (Danio rerio) were maintained on a 14:10 light/dark cycle at the Sinnhuber Aquatic Research Laboratory at Oregon State University (Corvallis, OR), in accordance with protocols approved by the Institutional Animal Care and Use Committee. A genetically heterogeneous tropical 5D (T5D) strain was used for all studies (Balik-Meisner et al., 2018) . Embryos were collected from group spawns and enzymatically dechorionated at 4-5 hours post-fertilization (hpf) in embryo medium with 0.1 mg/mL Pronase (Roche, Indianapolis, IN) following previously described protocols (Mandrell et al., 2012) . Dechorionated embryos were individually transferred into clear BD 353075 Falcon 96-well plates (Corning, Corning, NY) using robotic automation (Mandrell et al., 2012) . Each well contained 100 μL embryo medium (15 mM NaCl, 0.5 mM KCl, 1 mM CaCl 2 , 0.15 mM KH 2 PO 4 , 0.05 mM Na 2 HPO 4 , 1 mM MgSO 4 , 0.05 mM NaHCO 3 , pH 7.3). Plates were sealed with parafilm and incubated at 28.5°C on a 14:10 light/ Argent (Redmond, WA), 4 Tocris Bioscience (Minneapolis, MN). a Solubility issues that prohibited testing of higher concentrations are indicated. b Acute lethality associated with higher concentrations are also indicated. All compounds were prepared using DMSO as a carrier solvent. Cayman Chemical Company (Ann Arbor, MI). All compounds were prepared using DMSO as a carrier solvent. dark cycle until 120 hpf.
Chemical exposure and larval chemomotor response (LCR) behavioral analysis
The larval chemomotor response bioassay exposure paradigm is shown in Fig. 2A . At 120 hpf, 100 μL of 2× treatment prepared in embryo medium were added to achieve the desired concentrations of each test chemical with a final concentration of either 0.1% or 1% DMSO in all control and treatment groups. Following addition of treatment and onset of exposure, plates were placed on an illuminated ViewPoint Zebrabox system and allowed to rest for 10 min to settle following handling of the plate and application of treatments. Locomotor activity was then recorded for 5 h using ZebraLab video tracking software (ViewPoint Life Sciences, Lyon, France). All studies were performed using full illumination to maintain stable and low levels of locomotor activity observed under normal control conditions. Locomotor activity was measured for each minute, providing a time-course concentration-response (Fig. 2B) . Activity data was then binned into 30 min segments (Fig. 2C) , and normalized to the respective control group within each time-bin (Fig. 2D ).
For the neuroactive drugs and GABA receptor agonists/antagonists tested, a broad range of concentrations was evaluated (0, 1, 10, 100 and 1000 μM). However, solubility limits prohibited testing higher concentrations and are indicated in Table 1 . The three general groups of neuroactive compounds tested included a group of 14 model drugs and toxicants with varied modes of action (e.g. caffeine, chlorpyrifos, nicotine), a group of 10 GABA receptor agonists and positive allosteric modulators (e.g. alfaxalone, baclofen, carbamazepine), and a group of six GABA receptor antagonists and negative allosteric modulators (e.g. bicuculline, picrotoxin, SCH 50911). For flavonoids, a standard concentration range (0, 1, 5, 10, 25, 50 μM) was tested (Table 2 ). These nominal concentrations of flavonoids account for solubility limits (typically 50 to 100 μM), and are relatable to low-micromolar levels measured in infant blood plasma and soy based baby formulas as well as concentrations previously used to define developmental bioactivity and toxicity using the zebrafish embryo-larval toxicity bioassay (Cassidy et al., 1994; Setchell et al., 1997; Bugel et al., 2016) .
For pharmacological intervention studies requiring co-treatment of the test compounds (picrotoxin, (S)-equol, kaempferol) with each GABA A receptor specific drug (alfaxalone and chlormethiazole), compounds were added simultaneously to determine whether each GABAergic drug ameliorated the hyperactive locomotor responses typically observed with the test compound alone. The three test compounds were: picrotoxin, a model GABA A receptor antagonist and chloride channel blocker, and two highly efficacious flavonoids, (S)-equol and kaempferol. Pharmacologicals alfaxalone and chlormethiazole are GABA A receptor specific positive allosteric modulators, and were used in these studies at concentrations that did not elicit major effects on locomotor activity throughout the assay time-course. Concentrations used were 1 μM for alfaxalone and 100 μM for chlormethiazole. For reference, reported in vitro GABA A receptor IC 50 values for alfaxalone and chlormethiazole are 8.4 and 140 μM, respectively (Cross et al., 1989; Horne et al., 1992) . Picrotoxin (100 μM), (S)-equol (25 μM) and kaempferol (25 μM) elicited robust responses throughout the assay and were used for intervention studies.
For all chemicals and studies, N = 16, 24 or 32 animals per treatment group, and exact replicate values are provided in Supplementary materials. However, prior to chemical exposures at 120 hpf, untreated plates were evaluated for wells containing malformed or dead animals, . Heat maps of locomotor activity were generated using binned and normalized data to comparatively evaluate locomotor responses of chemicals sets. *Significance determined using two-way repeated measures ANOVA with Tukey's post-hoc, p ≤ 0.05, N = 16 animals per concentration. Data transformed using Box-Cox power transformation for normality prior to analysis. Data are reported as mean ± SD for normalized activity relative to the control within each time group. Summary data and statistics (time-course, binned, and normalized plots, 95% CI, N-values and p-values) for all tested flavonoids and neuropharmacologicals are provided in Supplementary materials. which were either excluded from the study or replaced by viable normal animals. Upon completion of the assay, treatment groups were evaluated for acute lethality during the 5-hour exposure, which were excluded from analysis and indicated in Table 1 and Supplemental materials.
Data and statistical analyses
Statistical tests were performed using SigmaPlot™ (v. 13.0), XLSTAT (2016) , and R (v. 3.2.2). A p-value ≤ 0.05 was universally regarded as significantly different for all studies. A Box-Cox power transformation function (MASS R-package) was used to optimally transform binned activity data for normality prior to statistical analysis. Significance was determined using a two-way repeated measures ANOVA (Tukey's posthoc) to evaluate the effect of chemical treatment on binned locomotor activity across the 5-hour exposure period. Morpheus (Broad Institute) was used to generate heat maps of significant findings exceeding a 1.5 fold change cutoff threshold, and for agglomerative hierarchical clustering analysis (HCA). HCA for the activity heat map was performed using the Euclidean metric with complete linkage. Principle component analysis (PCA) was performed using a Pearson (n) metric. A bootstrapped k-means clustering algorithm was applied to the PCA to determine cluster centers (Trace(W) criterion, 1000 iterations, 0.00001 convergence, 100 repetitions with random initial partition). For each chemical, all summary data and statistics are provided in Supplementary materials, including time-course, binned and normalized concentration response curves, mean ± SD for normalized activity with 95% confidence intervals, N-values and p-values.
Results
Model validation and evaluation of model neuroactive drugs
To validate the LCR bioassay and test the robustness and types of responses, a diverse panel of 30 known model neuroactive compounds was evaluated, including 14 drugs and toxicants representing a variety of modes of action, and 16 GABAergic drugs (Table 1, Fig. 3) . A complete summary of the results for each individual model neuroactive compound tested are provided (Supplementary materials).
Of the 14 widely used model neuroactive drugs and toxicants tested with varying and known modes of action, eight elicited significant changes on locomotor activity relative to controls (Fig. 3) . Three stimulants elicited stable hyperactive effects throughout the LCR assay time-course: caffeine (1000 μM), chlorpyrifos (10 and 100 μM), and nicotine (1 μM). However, chlorpyrifos and nicotine elicited bimodal concentration-dependent effects also. With prolonged exposure in the higher concentration groups, nicotine also elicited hypoactive effects at 10 and 100 μM, and chlorpyrifos elicited hypoactive effects at 100 μM. Imidacloprid elicited a minor transient hyperactive effect at 10 μM from 0 to 30 min post exposure, but not at other concentrations or time-bins. A number of compounds elicited consistent hypoactive effects throughout the assay, including fluoxetine, ketamine, methamphetamine, and tricaine. Six model compounds did not elicit changes in locomotor activity from 1 to 1000 μM, including bumetanide, dopamine, epinephrine, mecamylamine, methyllycaconitine, NMDA.
Of the 10 GABA receptor agonists and positive allosteric modulators tested, eight elicited significant changes in locomotor activity relative to controls (Fig. 3) . Four elicited robust and sustained hypoactive locomotor behavioral effects throughout the assay time-course (alfaxalone, baclofen, carbamazepine, CGP 13501). Several others elicited spurious effects that were generally not robust or sustained responses at the concentrations tested. Chlormethiazole and SKF 97541 (CGP 35024) elicited minor transient hypoactive effects at 100 and 1000 μM, respectively, though only at a single time-bin (0-30 and 241-270 min post exposure, respectively). Two GABA receptor agonists and positive allosteric modulators caused spurious and minor hyperactive effects (GABA and valproic acid) that were generally sustained. Ethanol and muscimol were the only compounds of the ten tested GABA receptor agonists and positive allosteric modulators to not elicit any significant changes in locomotor activity (Supplemental materials). Fig. 3 . A concentration-response heat map for comparatively evaluating acute locomotor behavioral responses to various neuroactive drugs and toxicants (orange group), GABA receptor agonists and positive allosteric modulators (yellow group), and GABA receptor antagonists and negative allosteric modulators (green group). All 30 chemicals in Table 1 were tested, and those that did not elicit any significant effects on locomotor activity exceeding the 1.5 fold change cutoff threshold are not shown (bumetanide, dopamine, epinephrine, ethanol, mecamylamine, methyllycaconitine, NMDA, pentylenetetrazole, muscimol, SCH 50911) . A standard concentration range of 1, 10, 100, and 1000 μM was evaluated, with solubility and lethality issues permitting (see Table 1 and Supplemental materials). Concentrations unable to be tested are shaded gray. Locomotor activity was binned into 30 min blocks and normalized to the respective time-bin control group (0.1% DMSO). Shaded cells indicate the normalized mean percent activity of animals relative to controls only when significantly different from control groups and exceeding a 1.5 fold change cutoff threshold. Significance determined using two-way repeated measures ANOVA with Tukey's post-hoc, p ≤ 0.05, N = 16-32 animals per treatment group. Summary statistics for all 30 tested compounds are provided in Supplementary materials.
Of the six GABA receptor antagonists and negative allosteric modulators tested, four significantly altered locomotor activity relative to controls (Fig. 3) . Two elicited robust hyperactive locomotor effects (bicuculline, picrotoxin) that were sustained responses across the duration of the assay, though the response to bicuculline was greater at the intermediate concentration (10 μM) compared to 100 μM. Two elicited transient hyperactive effects that were not sustained across the assay time-course (dehydroisoandrosterone and pregnenolone sulfate), and were only observed in the 31-60 min post exposure time-bin. Pentylenetetrazol and SCH 50911 were the only compounds to not elicit changes in locomotor activity in the group of tested GABA receptor antagonists and negative allosteric modulators.
Comparative evaluation of neurobehavioral effects of flavonoids and flavonoid-like compounds
The LCR bioassay was used to comparatively evaluate the acute and rapid acting neurobehavioral effects for 24 flavonoids using two multidimensional approaches to compare and classify responses of flavonoids (Table 2 Hierarchical clustering analysis (HCA) was used to comparatively evaluate locomotor activity responses across concentrations and time for all flavonoids as an integrated analysis of potency and efficacy (Fig. 4) . Of 24 flavonoids evaluated, 22 elicited significant locomotor responses within the tested concentration range (1-50 μM) and 5-hour assay duration. Puerarin and daidzein were the only flavonoids that did not significantly alter locomotor activity. All other flavonoids elicited differential effects with regards to concentration, the robustness of responses, and the time-course kinetics of responses. HCA was used to integrate each of these variables and comparatively evaluate the concentration-dependent responses across the 5-hour assay. This classified flavonoids into four general groups based on response similarity (Fig. 4) . The first and second groups elicited effects at generally lower concentrations, and with persistent effects throughout the 5-hour assay duration. The first group contained two flavonoids (biochanin A and flavone) that elicited hyperactive effects at lower concentrations, and hypoactive responses at higher concentrations. The second group contained seven flavonoids that elicited long lasting hyperactive effects at low to mid micromolar concentrations (kaempferol, α-naphthoflavone, 7-hydroxyflavone, 3′-hydroxyflavone, 6-hydroxyflavone, luteolin, (S)-equol). The third group included eight flavonoids that generally elicited hyperactivity at mid to high micromolar concentrations and were relatively short-lived, lasting 91-180 minutes post exposure (galangin, chrysin, quercetin, genistein, apigenin, morin, resveratrol, fisetin). The fourth and least bioactive group contained the remaining seven tested flavonoids, which spuriously elicited minor hyperactive effects only at high micromolar concentrations (naringenin, β-naphthoflavone, formononetin, myricetin, quercetin 3-β-D glucoside), or no effects at all (daidzein, puerarin).
To further classify flavonoid neurobehavioral bioactivity, HCA and principle component analysis (PCA) were used as dimensional reduction tools to comparatively evaluate lowest effect levels (LELs) as a surrogate measure of potency (Fig. 5) . Comparative LEL analysis resulted in three major potency groups (low, intermediate and high) of flavonoids that were identical between HCA and PCA methods. The high potency group included 10 flavonoids, which elicited relatively sustained long term effects at low micromolar concentrations (5-10 μM), included: galangin, kaempferol, biochanin A, flavone, 6-hydroxyflavone, 3′-hydroxyflavone, (S)-equol, luteolin, α-naphthoflavone, and kaempferol. The intermediate potency group contained seven flavonoids with effects in this group occurring at mid micromolar concentrations (25-50 μM) for an intermediate length of time, which included apigenin, fisetin, quercetin, genistein, chrysin, morin, and resveratrol, The low potency group included seven flavonoids that elicited either highly transient effects at 50 μM, naringenin, β-naphthoflavone, formononetin, myricetin, quercetin 3-β-D glucoside, or no effects within any time-bin, daidzein and puerarin.
Investigation of the role of the GABA receptors as a mediator of flavonoid hyperactivity using pharmacological intervention
Pharmacological intervention with GABA A receptor specific drugs (alfaxalone and chlormethiazole) was used to test whether the hyperactive locomotor activity effect of flavonoids involved a GABA A receptor dependent mode of action (Fig. 6) . A complete summary of results for each co-treatment pharmacological intervention study is Table 2 were tested and a standard concentration range of 1, 5, 10, 25, and 50 μM was evaluated. Locomotor activity was binned into 30 min blocks and normalized to the respective time-bin control group (0.1% DMSO). Shaded cells indicate the normalized mean percent activity of animals relative to controls only when significantly different from control groups and exceeding a 1.5 fold change cutoff threshold. Significance determined using two-way repeated measures ANOVA with Tukey's post-hoc, p ≤ 0.05, N = 16 animals per treatment group. A Euclidian distance metric with complete linkage was used for hierarchical clustering analysis (HCA). Summary statistics for all 24 flavonoids tested are provided in Supplementary materials.
Fig. 5.
Comparative evaluation of lowest effect levels (LEL) for flavonoid effects on locomotor activity across all time-bins using (A) hierarchical clustering analysis (HCA) and (B) principle component analysis. For HCA, a Euclidian distance metric with complete linkage was used. For PCA, a Pearson (n) metric with bootstrapped k-means clustering algorithm was used. Fig. 6 . GABA A receptor specific pharmacological intervention of hyperactive behavioral effects for (A) picrotoxin as a model GABA A receptor antagonist, and two efficacious flavonoids: (B) (S)-equol and (C) kaempferol. Locomotor activity was measured for 5 h immediately following application of treatments. Concentrations tested for picrotoxin, (S)-equol, and kaempferol were previously demonstrated to elicit a robust hyperactive response, and were 100, 25, and 25 μM, respectively. Two GABA A receptor specific positive allosteric modulators tested were alfaxalone (1 μM) and chlormethiazole (100 μM), and concentrations were previously determined as no effect levels. Data are reported as mean ± SD for normalized activity relative to the control (1% DMSO) within each time group. Significance determined using two-way repeated measures ANOVA with Tukey's post-hoc, p ≤ 0.05, N = 32 animals per treatment group. Significance is indicated using compact letter designations, and bars not labelled with the same letter within each time-bin were significantly different. The first four time-bins are shown (2-hours post-exposure), though each study was conducted for 5 h and are included in Supplementary materials with summary statistics for all intervention studies.
provided (Supplementary materials).
Overall, the hyperactive locomotor activity induced by picrotoxin was broadly inhibited by co-treatment with alfaxalone and with chlormethiazole (Fig. 6A, Supplementary materials) . The GABA A receptor drugs effectively inhibited the hyperactivity of a known GABA A receptor antagonist validating the co-exposure paradigm for pharmacological intervention. Although each pharmacological reduced the induction of the hyperactive locomotor response by picrotoxin across the full 5-hour assay, co-treatment did not completely block the induction of hyperactivity. Alfaxalone co-treatment significantly reduced the hyperactive response of picrotoxin in the 1-210 min post exposure time-bins, whereas there were no significant differences between the picrotoxin and co-treatment groups in the 211-300 min post exposure time-bins (Supplementary materials). Similarly, chlormethiazole did not completely inhibit the hyperactive responses to picrotoxin, though co-treatment resulted in a long-term repression of hyperactivity (Supplementary materials).
In contrast, hyperactive responses to (S)-equol and kaempferol were not broadly inhibited by the GABA A receptor specific positive allosteric modulators. Alfaxalone did have a spurious and minor synergistic effect on (S)-equol hyperactivity in single time-bins (31-60 min post exposure), though this was not observed in other time-bins or with kaempferol. Similarly, chlormethiazole had inconsistent minor synergistic increases of hyperactive responses for a single time-bin for (S)-equol (1-30 min post exposure), and two time-bins for kaempferol (211-240 and 271-300 min post exposure).
Discussion
In the present studies, we used a larval chemomotor response bioassay as a multidimensional platform to comparatively evaluate structurally-related flavonoids and other mechanistically-diverse neuroactive compounds in vivo. Several neuroactive flavonoids modulate the activity of important receptors throughout the nervous system, and thus, potentially alter behavior. However, behavioral data for the vast majority of flavonoids is either limited or unavailable. It was therefore the objective of these studies to provide high-content locomotor behavioral data with the LCR bioassay for flavonoid chemical classification and investigate a potential mode of action (i.e. GABA A receptor activity). Our findings suggested that larval zebrafish behavior is highly responsive to a multitude of well-known neuroactive compounds (20 of 30 tested) with varying known modes of action (Fig. 3) . Notably, the majority of GABAergic drugs tested were behaviorally bioactive (12 of 16). Likewise, the suite of flavonoids tested broadly elicited hyperactive locomotor activity (22 of 24 tested). However, flavonoids were differentially bioactive with distinct and complex chemical-specific differences in responses (Figs. 4 and 5) , which was not dependent on GABA A receptor specific activity for two model flavonoids (Fig. 6) . Overall, these studies demonstrate the potential for large-scale chemobehavioral approaches with larval zebrafish for classifying bioactivity and for elucidating neurobehavioral modes of action in vivo.
Larval zebrafish behavioral assays are increasingly being used to identify drug target pathways and discover novel neuropharmacological action (reviewed by: McCarroll et al., 2016) . To this end, we interrogated 30 neuroactive compounds using the LCR bioassay, including 14 drugs representing diverse modes of action, 10 GABA agonists and positive allosteric modulators, and six GABA antagonists and negative allosteric modulators. This panel of model drugs elicited three general types of responses, which were (1) characteristic for the known mode of action (e.g. caffeine, picrotoxin), (2) bimodal and concentration-dependent (e.g. chlorpyrifos, nicotine), or (3) atypical for the known mode of action (e.g. GABA, valproic acid). Seven stimulants elicited characteristic hyperactivity, including caffeine, chlorpyrifos, bicuculline, dehydroisoandrosterone 3-sulfate, nicotine, picrotoxin, and pregnenolone sulfate. Eight compounds with depressant, anxiolytic, or sedative modes of action elicited characteristic hypoactive effects, including fluoxetine, ketamine, tricaine (MS-222), alfaxalone, baclofen, carbamazepine, CGP 13501, and SKF 97541 (CGP 35024). However, responses to several chemicals were not necessarily consistent throughout the time-course. For example, while picrotoxin and bicuculline elicited characteristic hyperactivity, responses attenuated over time. For these two compounds these time-dependent effects may be due to desensitization of GABA A receptors by prolonged ligand binding and activation (Chang et al., 2002) . Similarly, three compounds (chlorpyrifos, imidacloprid, and nicotine) elicited concentration-dependent bimodal responses that were characteristically hyperactive at low concentrations and hypoactive at high concentrations. These responses were likely due to acute stimulant intoxication followed by overdose-associated effects (e.g. prolonged muscle contraction), typical for acetylcholinesterase inhibition in neuromuscular junctions. Additionally, acetylcholinesterase inhibition by chlorpyrifos is dependent on the conversion to the active oxygenated metabolites chlorpyrifosoxon and paraoxon, which suggested that rapid metabolism may influence behavioral time-course responses (Kousba et al., 2004) . In contrast, three compounds elicited atypical responses for their known action (GABA, valproic acid, and methamphetamine). Hypoactive effects were anticipated for GABA, an inhibitory neurotransmitter, and valproic acid, a CNS depressant, yet both compounds modestly increased locomotion. In higher vertebrates, low doses of GABA similarly elicits modest increases in locomotion whereas high doses elicit the hypoactive effects expected for neuroinhibition (Jones et al., 1981) . Contrastingly, amphetamine is a potent CNS stimulant and elicits bimodal hyperactive locomotor responses that attenuate with increased dosage (Yates et al., 2007) . In our study, robust hypoactive effects were observed for methamphetamine. Related dose-dependent bimodal behavioral effects have also been reported for cannabinoids (Childs et al., 2017) , opioids (Kuzmin et al., 2000) , and nicotine (File et al., 1998) . While many of the neuroactive drugs affected locomotor activity, eleven compounds were ineffective with the chemobehavior assay (1-1000 μM), including bumetanide, dopamine, epinephrine, ethanol, mecamylamine, methyllycaconitine, NMDA, pentylenetetrazole, chlormethiazole, muscimol, and SCH 50911. For these, false negative behavioral effects are likely the result of the experimental conditions, and results may differ with improved test conditions designed to target specific chemicals. Hyperactive responses to the broad CNS stimulant pentylenetetrazole have been reported for larval zebrafish, though typically with short exposures to 10 mM or higher (Berghmans et al., 2007; Afrikanova et al., 2013) . Lack of behavioral responses for some of the other ineffective neuroactive compounds was likely due to similarly not achieving sufficient physiologically relevant doses. Additionally, behavioral effects for some compounds may have been overlooked because of the broad test concentration range. For example, no behavioral effects were observed for muscimol, a potent GABA A agonist, whereas high concentrations were acutely lethal. Taken together, concentration-dependent bimodal and atypical behavioral effects are likely to be common for neuroactive drugs with diverse types of targets. These proof-of-principle studies help to establish potential limitations of the model and emphasize the importance of well-defined concentration ranges and time-courses. However, our studies used primarily positive control compounds and did not include negative control compounds to determine the potential for false positives. Other studies have demonstrated false positive and false negative behavioral outcomes occur with larval zebrafish behavioral assays, and that secondary assays could be used to validate results (Afrikanova et al., 2013) . Overall, the concomitant evaluation of well-known drugs aids with the interpretation of different types of behavioral responses and helps to contextualize responses to compounds with unknown modes of action (e.g. flavonoids).
The present study provides the largest comparative evaluation of acute flavonoid behavioral responses to date, and is comprised of 24 flavonoids and flavonoid-like compounds. The structural diversity of flavonoids has spurred many comparative and structure-activity relationship studies aimed at the varied bioactive effects on specific endpoints. Large-scale comparative studies have included developmental toxicity (Bugel et al., 2016) , GABA A receptor binding (Huang et al., 2001; Duchowicz et al., 2008) , anti-oxidant activity (Rasulev et al., 2005) , aryl hydrocarbon receptor activation (Denison and Nagy, 2003) , cytochrome p450 inhibition (Iori et al., 2005; Roy and Roy, 2008) , and anti-cancer activity (Zhang et al., 2005) . To our knowledge, the direct and rapid acting effects on locomotor activity for many flavonoids has not been comparatively evaluated for a large and broad set of flavonoids until now. Overall, flavonoids broadly elicited hyperactive locomotor behavioral responses, though with varied chemical-, concentration-, and time-dependent effects. To integrate comprehensive datasets for flavonoid bioactivity in larval zebrafish, we used similar multidimensional analysis methods with the same set of flavonoids and concentrations used previously to evaluate developmental toxicity (Bugel et al., 2016) . HCA and PCA were used as data reduction tools to integrate response profiles across time and concentration, and ultimately rank acute behavioral bioactivity for all flavonoids. The basis for this approach is that locomotor activity is an apical outcome resulting from the perturbation of single or multiple putative target receptor(s) in varied cell-and tissue-types throughout the central and peripheral nervous system. As a result, response profiles thus serve as a surrogate integrated measurement of chemical toxicokinetics, efficacy, and potency. Using this approach, we identified several major groups of bioactive flavonoids, which did not generally cluster according to chemical sub-classes (i.e. flavonoids vs. isoflavonoids).
Overall, the studies presented here demonstrated that minor structural alterations can dramatically change behavioral response profiles, and ultimately, chemical classification. Specifically, this set of flavonoids illustrates the potential effects of structural components including hydroxyl, O-methyl, and glucoside substituents on biological activity (Fig. 1) . Structure-activity relationships in flavonoids are essential because complex metabolism in vivo commonly results in the addition or removal of substituent groups, including metabolism by the gut microbiome (e.g. hydrolysis of flavonoid glycosides), phase II conjugation (e.g. UGT, SULT, COMT), and to a lesser extent phase I hydroxylation by cytochrome P450 enzymes (reviewed by : Chen et al., 2014) . There was no clear and direct relationship between sequential hydroxylation state and bioactivity when comparing the parent flavone to the mono-, di-, tri-, tetra-, penta-, and hexa-hydroxyflavone derivatives (7-hydroxyflavone, chrysin, naringenin, luteolin/kaempferol, quercetin, myricetin, respectively) . This subset represents structurally related flavonoids with a step-wise addition of hydroxyl substituents from the parent flavone to the hexa-hydroxyflavone derivative. Of these, high bioactivity was observed for the parent flavone and mono-hydroxyflavone, and activity decreased for the di-and tri-hydroxflavones, chrysin and naringenin. However, the tetra-hydroxyflavone isomers, luteolin and kaempferol, had elevated bioactivity relative to the di-and tri-hydroxyflavones and grouped with the parent flavone and mono-hydroxyflavone. Relative bioactivity again decreased with further hydroxylation to the penta-and hexa-hydroxyflavone congeners, quercetin and myricetin. This suggested that general hydroxylation state alone does not determine bioactivity, and that responses are congener specific. Furthermore, O-methylation and hydroxylation greatly increased activity of isoflavonoids. When comparing the inactive isoflavonoid daidzein to formononetin, substitution of the R4′ hydroxyl group on daidzein for an O-methyl group (formononetin) modestly increased activity. Similarly, substitution of the R4′ hydroxyl group on genistein for an O-methyl group (biochanin A) greatly increased activity. Hydroxylation at the R5 position of genistein and biochanin A greatly increased activity in both cases relative to their R5 unhydroxylated derivatives, daidzein and formononetin. Taken together, these suggest that hydroxylation and O-methylation of isoflavonoids together may generally increase activity for specific congeners. Furthermore, hydrolysis of glucoside congeners, quercetin 3-β-D and puerarin, generally increased activity. Quercetin 3-β-D was a relatively inactive flavonoid with a minor and transient behavioral effect, whereas the parent compound quercetin elicited much greater hyperactivity. Intestinal microflora plays an important role in hydrolyzing glucoside substituents on puerarin to produce daidzein, which is further metabolized to the (S)-equol specific enantiomer (Kim et al., 1998; Setchell et al., 2005) . In the present study, with acute non-dietary exposures, (S)-equol was a highly bioactive isoflavandiol whereas daidzein and puerarin were completely inactive, which may support a microbiome role in activating some isoflavonoids. Overall, these studies emphasize the need for large sets of flavonoids to elucidate important structural components that affect bioactivity, efficacy and potency. Small changes in substituent functional groups could significantly alter pharmacodynamics, and future studies should include additional flavonoids or endpoints to further elucidate structure-activity relationships. Additionally, For the majority of behavioral studies conducted with flavonoids, anxiolytic properties are typically the most commonly reported. However, it is difficult to relate anxiolytic properties with the direct and rapid acting locomotor effects reported in the present study. Locomotor activity is low-complexity and interpretation is thereby limited, and different types of behavioral effects are likely divergent modes of action. While the anxiolytic effects of flavonoids are believed to be GABA A receptor mediated, hypoactive locomotor effects including sedation and myorelaxation are sometimes associated with high doses and it is unclear whether they are due to a GABA receptor interaction Fernandez et al., 2009; de Carvalho et al., 2011) . In contrast, a number of studies have reported hyperactive locomotor activity observed concomitantly with anxiolytic effects for several flavonoids (Ognibene et al., 2008; Zeng et al., 2010) . Previously, we demonstrated that developmental exposure to flavonoids can elicit seizure-like spasms and hyperactive behaviors (spastic pectoral fin movement and body twitching), which was observed for seven flavonoids: 3′-hydroxyflavone, 6-hydroxyflavone, and 7-hydroxyflavone, (S)-equol, kaempferol, β-naphthoflavone, and biochanin A. (Bugel et al., 2016) . Seizurelike activity is phenotypic of abnormal or excessive neurostimulation, which implicated a role for neuroreceptor modulation in mediating these adverse neurodevelopmental effects, and the locomotor effects were hypothesized to be mediated by a GABA receptor dependent mode of action. While the anxiolytic effects of flavonoids are largely believed to be GABA receptor mediated, there is compelling evidence that GABA receptor interactions are not due to classical benzodiazepine binding site modulation (Goutman et al., 2003; Campbell et al., 2004) . Furthermore, behavioral effects of flavonoids are complex and are likely flavonoid-, dose-, assay-and life-stage dependent. To evaluate potential anxiolytic properties of flavonoids in future studies, it may be useful to use a more complex larval scototaxis behavioral assay, such as the locomotor photoresponse (LPR) assay as a surrogate measure of anxietyrelated responses.
Although flavonoids interact with diverse types of neuroreceptors and targets, the antagonism and resulting modulation of GABA A receptors through interactions with the benzodiazepine binding site in vitro is perhaps the most widely reported neuroactive property. Drugs that antagonize inhibitory GABA receptors in the central nervous system commonly elicit phenotypic stimulant-like effects followed by convulsions and tonic-clonic seizures (reviewed by : Treiman, 2001 ). In the present study, we report a potentially related bioactive property of flavonoids that elicited an acute and rapid-acting hyperactive locomotor response broadly observed across this chemical class. We therefore hypothesized that these hyperactive locomotor behavioral effects were due in part to the known GABA A receptor modulation by flavonoids. One objective was to test whether GABA A receptor activity antagonism mediated the hyperactive locomotor responses to two select flavonoids with robust stimulant-like effects, (S)-equol and kaempferol. Picrotoxin was also evaluated concomitantly as a well-known GABA A receptor non-competitive antagonist and chloride channel blocker. In the present studies, the hyperactive response to picrotoxin was ameliorated by both GABA A receptor specific drugs, alfaxalone and chlormethiazole, though the hyperactive effects of (S)-equol and kaempferol were not reduced by either drug. It is important to note that the GABA A receptor specific drugs elicited a modest increase of the hyperactive responses to (S)-equol and kaempferol in several time-bins, but not consistently across the time-course (Supplementary materials). Additionally, the lowest effect levels of (S)-equol and kaempferol that elicited hyperactive effects (10 and 5 μM, respectively) in the present study are also much lower than in vitro binding affinities for the GABA A receptor benzodiazepine site (K i = 80-93 μM), though other flavonoids have much higher affinities (Paladini et al., 1999) . Taken together, GABA A receptor antagonism is unlikely to be responsible for the hyperactive locomotor effects of (S)-equol and kaempferol, whereas the pharmacological intervention study demonstrated a clear GABA A receptor mediated mode of action for picrotoxin. Thus, considering the promiscuity of flavonoids with various neuroreceptors, the hyperactive locomotor effects may result from a cumulative effect on multiple pharmacological targets in several different cell-or tissue-types. However, it is inefficient to further interrogate individual putative target neuroreceptors without compelling evidence. To more rapidly and comprehensively explore the involvement of various neuroreceptors that may mediate the chemobehavioral effects of flavonoids, a global non-biased approach could prove useful by utilizing a broad library of small molecules with known pharmacological modes of action to modulate signaling pathways for all major target classes (e.g. LOPAC® 1280 ). Our results suggest that LCR bioassay experimental parameters (e.g. bin-size, assay duration) can be optimized to reduce assay length and improve throughput capacity for such future applications. The amenability and potential of large-scale high-throughput larval zebrafish locomotor-based behavioral assays for drug discovery is clear (Kokel et al., 2010) . Studies have already shown promise for identifying compounds with anti-seizure activity, and mode of action discovery is a logical extension of this application (Berghmans et al., 2007; Winter et al., 2008) . The present study serves to further demonstrate the amenability of the larval chemomotor response bioassay for mode of action discovery for neuroactive compounds in zebrafish, and to this end, the rapid-throughput interrogation of potential target neuroreceptors.
Conclusions
In summary, our studies used the zebrafish LCR bioassay to comparatively evaluate 24 structurally-related flavonoids, and 30 pharmacologically-diverse neuroactive compounds. Of the 24 flavonoids tested, 22 bioactive flavonoids modulated behavior and elicited hyperactive locomotor activity, which indicates that vertebrate behavior is broadly sensitive to flavonoids. However, the profiles of the behavioral effects were flavonoid-specific, and multidimensional analysis determined several differentially active groups based on potency, efficacy, and time-course kinetics of the responses. Pharmacological intervention studies suggested that the hyperactivity elicited by two flavonoids, (S)-equol and kaempferol, did not involve a GABA A receptor mediated mode of action, whereas there was a clear GABA A receptor mediated mode of action for the behavioral effects of picrotoxin. Given the scarcity of bioactivity data for the broad class of flavonoids, and the potential for both health benefits and health concerns surrounding this chemical class, further studies are warranted to elucidate modes of action and potential neuroreceptors responsible for neuroactive properties. Overall, these studies emphasize the utility of a multidimensional zebrafish platform for comparatively examining behavioral effects for large sets of related compounds.
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